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ABSTRACT 
 
The goal of the VIRGO program is to build a giant Michelson type interferometer (3 kilometer long arms) to detect 
gravitational waves. Large optical components (350 mm in diameter), having extremely low loss at 1064 nm, are needed. 
Today, the Ion beam Sputtering is the only deposition technique able to produce optical components with such 
performances.  
Consequently, a large ion beam sputtering deposition system was built to coat large optics up to 700 mm in diameter. The 
performances of this coater are described in term of layer uniformity on large scale and optical losses (absorption and 
scattering characterization).  
The VIRGO interferometer needs six main mirrors. The first set was ready in June 2002 and its installation is in progress on 
the VIRGO site (Italy). The optical performances of this first set are discussed. The requirements at 1064 nm are all 
satisfied. Indeed, the absorption level is close to 1 ppm (part per million), the scattering is lower than 5 ppm and the R.M.S. 
wavefront of these optics is lower than 8 nm on 150 mm in diameter. Finally, some solutions are proposed to further 
improve these performances, especially the absorption level (lower than 0.1 ppm) and the mechanical quality factor Q of 
the mirrors (thermal noise reduction). 
 
 
1. INTRODUCTION 
 
 Detecting gravitational waves is certainly one of the main challenges in physics for the years to come. The 
Einstein’s theory of General Relativity foresees the existence of gravitational waves as a way of propagation of the 
gravitational field, analogously to the case of electromagnetism. According to the same theory, the gravitational waves 
arise from the change of mass distribution and propagate in vacuum at the speed of light. The main difficulty in 
gravitational waves detection lies in the extreme weakness of their interaction with matter. Though more than 80 years 
have passed from their theoretical prediction, gravitational waves have not yet been detected. 
 
Since the idea of using a laser interferometer as a gravitational wave detector was suggested in the 1960s [1], 
several full size interferometric detectors are in construction, and particularly VIRGO (a collaborative effort of the CNRS in 
France and the INFN in Italy, web site http://www.virgo.infn.it/).  
Virgo is a gravitational wave detector aiming at the detection of gravitational waves emitted by several galactic and extra-
galactic astrophysical sources. Among the expected sources of gravitational waves, there are stellar core collapses, the 
coalescing of binaries made by two compact stars, and rotating neutron stars. The detection of these signals will allow 
getting new fundamental data on the gravitational interaction, on several astrophysical processes and on the dynamics of 
the universe. 
 
The goal of this program is the construction of a giant Michelson type interferometer with Fabry-Perot cavities in 
each 3 km long arm (arm diameter 1.2 m, under ultra-high vacuum). The aim of this experiment is to detect gravitational 
waves in the frequency range from 10 Hz to a few kHz. In the Einstein general relativity framework, the effect of the 
passage of a gravitational wave on a mass distribution is the modulation of the relative distances. Because of the its 
quadrupolar nature, when a gravitational wave pass through a Michelson interferometer, one of the arms gets longer and 
the other smaller.  
Taking into account the expected distribution of the astrophysical sources, the signal strength is expected to generate a 
difference of optical path between the two arms of about 10-18 m. To avoid that defects in the mirrors can generate in the 
interferometer a noise level larger than the expected signal, very high quality mirrors are needed. 
 
The total losses at 1064 nm of each mirror (including absorption, scattering and large-scale wavefront 
deformation) should not exceed 100 parts per million (ppm).  
There are specific constraints on the absorption (< 5 ppm) due to the thermal lensing and on the scattering level (< 5 ppm) 
to minimize the noise on the interferometer output, due to the scattered. Moreover, the VIRGO interferometer design 
imposes very large (diameter 350 mm) and heavy optics (20 kg). 
 
 The only deposition technique able to produce components with such optical performances is the Ion Beam 
Sputtering (IBS). We have demonstrated in the past the capability of this technique to reach very low-loss levels (< 5 
ppm) [2,3]. These performances were obtained on high reflectivity mirrors up to ? 100 mm, which is the larger size that can 
be coated in our small coater (0.8*0.8*0.5 m3). 
 
Thus, we are involved in the VIRGO collaboration to take up this challenge according to our skill in high quality optical 
coatings. To be able to reach the severe VIRGO requirements on ? 350 mm, a new IBS coater was designed and 
manufactured. In the same time, we have developed special metrology tools able to characterize the optical performances 
of the coatings on large area: wavefront, scattering, absorption, roughness, and point defect detection. 
In the following paragraphs, we will essentially describe in detail the large deposition system we have. Then, the 
first results obtained on the coatings will be analyzed. The capability of this IBS system to coat large high quality optics 
will be discussed: this will be demonstrated with the VIRGO mirrors.  
 
 
2. IBS COATER DESCRIPTION 
 
 The new IBS system design was defined and optimized with a home-made simulation software [4], which 
describes precisely the sputtering phenomenon in the IBS process. This software takes into account all the geometrical 
and electrical parameters. The aim of this simulation is to have, on a diameter of 700 mm, a deposition rate similar to the 
one we have in the small IBS coater. Furthermore, the possibility to coat two large substrates at the same time is required. 
The final result of this design work is the coater shown in picture 1 and 2. 
 
The size of the vacuum chamber is 2.4*2.4*2.2 m3: this is the larger IBS coater in the world at the present time. The 
sample holder (robot) allows every movements of the substrate inside a circle of 1 m. This is a crucial part regarding the 
corrective coating procedure [3] (wavefront planarization method). 
 
The coater was installed in a class 1 clean room in 1999. The integration of every equipment necessary for the 
deposition process has lasted about one year (this has been made exclusively by the SMA group). 
 Two dry pumps, coupled with two roots, make the primary pumping (a pressure of 8.10-3 mbar is reached in 30 
minutes) and the secondary pumping is performed by four CTI cryopumps. A base pressure of 4.10-8 mbar is obtained in 3 
hours (10-6 mbar reached in 1 hour). This pumping configuration guarantees a very clean vacuum without hydrocarbon. 
The vacuum quality is in real time controlled with a residual gas analyzer (quadrupole mass spectrometer). Only water 
vapor is detected after the pumping step, but the corresponding partial pressure is very low (PH2O < 10
-13 mbar). With this 
clean vacuum, we can prevent the layer contamination and obtain low absorption levels for the coatings. 
 
 
 
Pictures 1 and 2: IBS deposition system 
 To have a satisfactory deposition speed, two RF (radio frequency) ion sources are needed. Each source sputters 
its own ultra-pure targets (Ta, SiO2). 
 
Several reasons have justified this choice instead of classical Kaufman ion sources. First of all, it suppresses the eventual 
layer contamination due to the tungsten filament, which degrades the layer absorption. Secondly, to realize the quarter-
wave stacks and the corrective coating, the deposition time is very long (about 100 hours). As the filament lifetime is 
around 40 hours, the choice of filamentless sources was imperative. 
 
 The layer thickness is monitored by four quartz balances, which allow a very efficient in-situ control. Another 
component we developed is the automatic control command of the coater. It manages the pumping and venting procedure 
(done with ultra pure dry air) and every step of the deposition process (control of the ion sources, the gas flows, the 
targets movements). 
 
 
3. OPTICAL METROLOGY TOOLS 
 
 The coating metrology is fully part of the global process. In the past, it allowed us to improve rapidly the coating 
performances and to reach a very high quality level. To avoid contamination of the mirrors which can affect the scattering 
measurement, all the metrology tools are available in the class 1 clean room, close to the IBS coater. 
 
The VIRGO requirements essentially concern the absorption and the scattering level, the RMS wavefront 
deformation. All the metrology benches are able to characterize the entire surface of the large VIRGO components 
(400*400 mm2) and to support heavy samples (40 kg). In this paragraph, we report only the main performances of the 
optical benches. 
 
Scattering and Transmission measurements: 
The scatterometer is a commercial CASI type instrument able to measure scattering levels lower than 1 ppm 
(BRDF noise floor of 10-9 sr-1). We can measure the absolute BRDF (Bi-directional Reflectance Distribution function) at 
one point of the sample (beam size 1 mm) as a function of the scattered angle ? s. 
To have realistic scattering measurements, a BRDF mapping of the entire sample surface is measured to take into account 
every possible coating defect. This has implied an upgrade of the piloted scatterometer sample holder to realize mappings 
up to ? 400 mm and to support heavy samples (40 kg). 
This system can also be used as a very sensitive wattmeter to determine very low transmission values (T < 1 ppm). 
 
Absorption measurements: 
We have developed a new absorption bench in collaboration with ESPCI (Paris) able to measure surface and bulk 
absorption on large sample. It is based on the photothermal deflection technique whose capability to determine very low 
absorption levels has already been demonstrated [2]. 
What is remarkable is the sensitivity of this bench at 1064 nm: 20 ppb (part par billion) for surface absorption, 30 ppb/cm 
for bulk absorption. Measuring the bulk absorption of the silica substrates crossed by the VIRGO laser beam was 
necessary to check the VIRGO requirements (A < 1 ppm/cm). The result was satisfactory: A = 0.7 ppm/cm.  
To reach such a low level, the German company Heraeus, who manufactured all the silica substrates used in VIRGO, has 
developed in collaboration with ESPCI (Paris) new types of silica (Suprasil 311 SV, Suprasil 312 SV). The OH content is 
very low (<<50 ppm), the refractive index is homogeneous in all directions and the birefringence is very low (< 5.10-4 
rad/cm). 
 
Wavefront measurements: 
We use a commercial interferometer from ADE Phase Shift (minifiz type interferometer, pupil ? 150 mm, 
wavelength 1064 nm). To measure large wavefront (? 400 mm), we have developed in collaboration with a French company 
(MB Optique) a numerical method called “Stitching Interferometry” [5,6]. 
The reproducibility (difference between two successive measurement) of this method is 0.4 nm RMS on ? 400 mm: this is 
remarkable regarding the measurement complexity (the reproducibility without stitching is 0.04 nm RMS on ? 150 mm).  
 
Roughness and defects detection measurements: 
We use a commercial profilometer MICROMAP which has been modified to characterize large optics. The 
sensitivity is 0.2 Å RMS. All the VIRGO substrates, polished by the American Company Wave Precision, were measured 
to check the roughness (< 0.5 Å RMS).  
The scattering level is not depending only on the Rayleigh diffraction theory linked to the surface roughness ? . It 
depends also on the number and the size of the point defects on the surface. We have developed, in collaboration with 
Micromap, a unique prototype around the profilometer capable to detect small defects (detection threshold ? 0,3 µm). We 
can verify the substrate surface quality (maps on ? 400 mm) and also the substrate cleaning procedure, which is a crucial 
part of our deposition process. This method distinguishes small defects (0.3 - 1 µm), larger defects (> 1µm) and scratches.  
 
 
4. PRELIMINARY RESULTS 
 
 Our first goal was to find the best deposition conditions (beam current, target angles, gas flows) to obtain the 
lowest layer absorption. 
We worked at first on single layers of SiO2 and Ta2O5, which are the oxide layers having the best optical properties in the 
mid-infrared region. The extinction coefficient at 1064 nm is: 
 - for SiO2:      k = 4 10
-7    +/- 0.5 .10-7 
 - for Ta2O5:    k = 4.5 10
-7 +/- 0.5 .10-7 
The first quarter-wave multilayer mirrors realized by this deposition system have an absorption of 0.6 ppm at 1064 nm. 
This is lower than the VIRGO requirement (5 ppm). 
 
The second step of the coater development was to find the geometrical configuration giving the best layer 
thickness uniformity. As large substrates are very expensive, we have developed a 350 mm diameter mounting in which 
several one inch diameter substrates can be put. Because the large sample motion in the vacuum chamber is a simple 
rotation, measuring the uniformity along a diameter is enough to have a good idea of the layer uniformity over the entire 
surface. We looked first at the single layer thickness uniformity (Figure 1).  
Figure 1: Thickness variation, with respect to the center, as a function of the coating radius 
The SiO2 layer is the restrictive factor. Indeed, the uniformity is worse by a factor of 3-4 than that of the Ta2O5 
layer (sputtering particle emission different). To solve this problem, we used a mask between the target and the substrates. 
Nevertheless, the uniformity obtained on a multilayer mirror is good: 0.6 % on ? 300. What is also remarkable is the 
improvement obtained between the new large coater and the old small coater (thickness uniformity of 2 % only on ? 80 
mm). 
 
The simulation program, which allowed us to determine the coater geometry, predicted a uniformity of 1.33% on ? 300 mm 
(Figure 2).  
Figure 2: Mirror uniformity simulation on ? 300 mm – Mask efficiency  
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Experimentally, the uniformity is twice better. Thus, we can reasonably think that, with the use of masks, the 
mirror uniformity can be better than 0.01 %. This value corresponds to the Virgo requirement for the next mirror generation 
(wavefront variation around 1 nm RMS on ? 300 mm).  
 As these predictions seemed very promising, the integration of masks in the deposition chamber was tested. At 
first, we have worked on the monolayer uniformity optimization. The mask shape was numerically calculated for each 
material and optimized after deposition by successive iterations.  
The Figure 3 shows how powerful this method is. For a Ta2O5 layer, the uniformity goes from 0.6 % on ? 300 mm to 0.25% 
on ? 700 mm (with mask n°3).  
Figure 3: Improvement of a Ta2O5 single layer uniformity by masking 
 
With this method, we will be able to coat very large surface with a very good uniformity or two substrates at the same 
time. In the next future, we will implement the masking method to realize multidielectric mirrors. 
 
 
5. THE FIRST SET OF VIRGO MIRRORS 
 
 The VIRGO interferometer needs six main mirrors. The 3 km long Fabry-Perot cavities need four large mirrors 
(Input and End mirrors, 350 mm diameter, about 100mm thickness and 20 kg mass). Because of their dimensions, we have 
developed new tools to manipulate them between every step of the process in clean conditions with a total safety. Such 
large components have never been coated in the past, so it was a great challenge for us to succeed. 
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Picture 4: First VIRGO End Mirror during the scattering measurement 
The beam splitter is 55 mm thick, it has a diameter of 230 mm and a mass of 5 kg. The recycling mirror is 30mm thick and it 
has a diameter of 120mm.  
The first set of the VIRGO mirrors was ready in June 2002 as foreseen by the planning. The picture 4 shows a real VIRGO 
mirror in its characterization mounting. 
 
Now, the mirror installation on the VIRGO site in Italy is finished. A summary of the optical performances of these 
large mirrors is shown on the table 1.  
 
The absorption and scattering requirements (< 5 ppm) are satisfied for each component, especially for the 
absorption (in the 1 ppm range). The dispersion in the absorption values only comes from the coating design: the higher 
the reflectivity the lower the absorption.  
Some scattering values are higher than 5 ppm, but if we consider only the surface corresponding to the laser beam size, 
the scattering is in the VIRGO specifications.  
 
 
Coating Nature  
and Clear aperture (mm) 
RMS Wavefront (nm) 
 
Side A Side B Side A Side B 
Average 
Absorption 
(ppm) 
Average 
Scattering 
(ppm) 
Transmission  
End Mirror 
n°1 
- 
HR  
? 330 mm 
3.9  
? 150 mm 
3.8  
? 150 mm 
0.67 
? 150 mm 
4 
? 150 mm 
42.9 ppm 
End Mirror 
n°2 
- 
HR  
? 330 mm 
2.8  
? 150 mm 
3.4  
? 150 mm 
0.69 
? 150 mm 
6.5 
? 150 mm 
38.3 ppm 
Input 
Mirror n°1 
HR  
? 200 mm 
AR  
? 200 mm 
2.6  
? 60 mm 
3.8  
? 60 mm 
1.25 
? 60 mm 
5 
? 60 mm 
11.80 %  
Input 
Mirror n°2 
AR  
? 200 mm 
HR  
? 200 mm 
2.6  
? 60 mm 
2.5  
? 60 mm 
1.20 
? 60 mm 
8 
? 60 mm 
11.66 %  
Recycling 
Mirror n°2 
HR  
? 110 mm 
AR  
? 110 mm 
1.8  
? 60 mm 
- 
0.66 
center 
4 
? 60 mm 
7.97 %  
Beam 
Splitter n°1 
AR  
? 210 mm 
HR  
? 210 mm 
3.9  
? 100 mm 
5.4  
? 120 mm 
1.35 
center 
5.5 
? 100 mm 
49.8 %  
Nota : HR = High Reflectivity, AR = Anti Reflective 
Table 1 : Optical performances of the first set of VIRGO mirrors 
 
Another remarkable result concerns the flatness of these large components. The “8 nm RMS on ? 150 mm ” 
requirement on the wavefront is always satisfied. Nevertheless, we found that the limiting factor of the wavefront flatness 
is the substrate. We checked (Figure 4) that the RMS flatness value is the same with or without coating (Before: 3.38 nm 
RMS and 25.5 nm PV – After: 3.37 nm RMS and 25.2 nm PV). The coatings reproduce exactly and even smooth the 
substrate surface (Figures 1 and 3). 
As the polishers can not guarantee every time better wavefronts, the only solution is to correct the substrate surface 
before deposition by the “Corrective Coating” technique [7]. 
 
An other Virgo requirement we had to satisfy is the finesse inequality between the two Fabry-Perot cavities: 
(Df<1%). To fulfill this requirement, the cavity mirrors must have transmission values as close as possible. For instance, 
the difference between the two Input Mirrors transmission must be lower than 0.2 %.  
Figure 4: Wavefront on ? 150 mm of a Virgo Input Mirror before and after coating 
 
 
6. CONCLUSION AND PERSPECTIVES 
 
 A new large IBS coater was manufactured to realize low-loss coatings on very large optics (? 350 mm). 
The reproducibility of the process is really good (< 0.3 %). The layer uniformity is better than expected by simulation and 
the losses at 1064 nm are also in the expected ranges: <1 ppm of absorption, <5 ppm of scattering (1-inch mirrors). 
As foreseen by the VIRGO planning, the first set of VIRGO mirrors (6 components) was coated. The optical performances 
of these optics fulfilled the VIRGO requirements. The mirror installation on the VIRGO site is in progress.  
Before coating After coating 
 
In a very close future, new generations of mirrors with better performances will be necessary to enhance the 
interferometer sensitivity. Several programs using interferometric detectors of gravitational waves (VIRGO as well as the 
American project LIGO) are already waiting for the next mirrors generation. 
 
Three main R&D directions will be investigated in the next future.  
The first one concerns the absorption. Our goal is to obtain absorption levels lower than 0.1 ppm. Reducing the 
thermal noise of the mirrors will increase the VIRGO sensitivity in the low frequency domain. Beside an important R&D 
work on the coating materials themselves, we intend to carry out a study on the impurities coming from the polishing. 
Another key factor increasing the thermal noise is the Quality Factor Q of the coated mirrors (intrinsic mechanical 
dissipation). The substrate quality factor could be decreased by more than two orders of magnitude by the coating 
presence. We have already started a collaboration on this subject with the LIGO community. New materials, having better 
mechanical behavior, will be studied. The goal is to improve the Q factor by one or two decades without affecting too 
much the optical properties. 
Finally, we will apply the ”Corrective Coating” technique, we have developed in the past for the coatings, to the 
polished substrates. The aim is to reach wavefront flatness in the nm range. 
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